Aquatic photosynthetic organisms cope with low environmental CO 2 concentrations through the action of carbon-concentrating mechanisms (CCMs). Known eukaryotic CCMs consist of inorganic carbon transporters and carbonic anhydrases (and other supporting components) that culminate in elevated [CO 2 ] inside a chloroplastic Rubiscocontaining structure called a pyrenoid. We set out to determine the molecular mechanisms underlying the CCM in the emerging model photosynthetic stramenopile, Nannochloropsis oceanica, a unicellular picoplanktonic alga that lacks a pyrenoid. We characterized CARBONIC ANHYDRASE 1 (CAH1) as an essential component of the CCM in N. oceanica CCMP1779. We generated insertions in this gene by directed homologous recombination and found that the cah1 mutant has severe defects in growth and photosynthesis at ambient CO 2 . We identified CAH1 as an α-type carbonic anhydrase, providing a biochemical role in CCM function. CAH1 was found to localize to the lumen of the epiplastid endoplasmic reticulum, with its expression regulated by the external inorganic carbon concentration at both the transcript and protein levels. Taken together, these findings show that CAH1 is an indispensable component of what may be a simple but effective and dynamic CCM in N. oceanica.
Aquatic photosynthetic organisms cope with low environmental CO 2 concentrations through the action of carbon-concentrating mechanisms (CCMs). Known eukaryotic CCMs consist of inorganic carbon transporters and carbonic anhydrases (and other supporting components) that culminate in elevated [CO 2 ] inside a chloroplastic Rubiscocontaining structure called a pyrenoid. We set out to determine the molecular mechanisms underlying the CCM in the emerging model photosynthetic stramenopile, Nannochloropsis oceanica, a unicellular picoplanktonic alga that lacks a pyrenoid. We characterized CARBONIC ANHYDRASE 1 (CAH1) as an essential component of the CCM in N. oceanica CCMP1779. We generated insertions in this gene by directed homologous recombination and found that the cah1 mutant has severe defects in growth and photosynthesis at ambient CO 2 . We identified CAH1 as an α-type carbonic anhydrase, providing a biochemical role in CCM function. CAH1 was found to localize to the lumen of the epiplastid endoplasmic reticulum, with its expression regulated by the external inorganic carbon concentration at both the transcript and protein levels. Taken together, these findings show that CAH1 is an indispensable component of what may be a simple but effective and dynamic CCM in N. oceanica.
photosynthesis | carbon-concentrating mechanism | carbonic anhydrase | heterokont | algae R ubisco is the principal carboxylation enzyme in photosynthetic carbon fixation. In aquatic photosynthetic organisms, the supply of Rubisco's substrate, CO 2 , can be restricted by the slow diffusion of CO 2 in water and the hydration/dehydration reaction that interconverts CO 2 with other forms of dissolved inorganic carbon (DIC) that are unavailable to Rubisco, such as bicarbonate (HCO 3 − ) (1) . The limitations of physical chemistry are compounded by the biochemical properties of Rubisco, which has a moderately slow turnover rate and exhibits a counterproductive oxygenase activity, leading to photorespiration (2, 3) . As a result, many aquatic photosynthetic organisms operate a carbon-concentrating mechanism (CCM) to elevate the concentration of CO 2 near Rubisco, thereby enhancing the rate of carboxylation and suppressing photorespiration (4, 5) . In the model green alga, Chlamydomonas reinhardtii, the CCM includes active DIC transporters that accumulate bicarbonate within the cell (HCO 3 − being charged and relatively cell-impermeant compared with CO 2 ) and a suite of carbonic anhydrases that catalyze the otherwise sluggish equilibration of CO 2 and HCO 3 − (6, 7). In cells of Chlamydomonas (and numerous other algae) grown under CO 2 -limiting conditions, the majority of Rubisco is localized to a central structure within the chloroplast known as a pyrenoid (8, 9) , which is traversed by thylakoid minitubules (10) . It is thought that bicarbonate is ultimately transported to the lumen of these transpyrenoidal thylakoids, where the acidic pH and activity of the carbonic anhydrase CAH3 leads to the rapid formation of CO 2 (11, 12) .
Although our understanding of CCM function has been greatly advanced by research on C. reinhardtii and the carboxysome-based system of cyanobacteria (5) , extensive experimental studies have been limited to these select taxa. The timing and origins of CCM evolution are topics of active research and debate, and it has been proposed that fluctuating atmospheric CO 2 and O 2 concentrations over geologic time resulted in multiple instances of convergent evolution and possibly serial gains and losses of CCMs (13, 14) . This dynamic evolutionary history implies that diverse CCM configurations could exist, and thus studying the CCMs of other algae could illustrate how different organisms have evolved to cope with this common challenge (8) .
Algae harboring secondary plastids of red algal origin constitute most of the diversity in marine algae (15) , and collectively they provide most of the total primary production of the oceans (16) . Along with their ecological importance, the different membrane structure and biochemistry of secondary red plastid-bearing species suggests the strong possibility of novel spatial configurations of CCM components, making these taxa attractive for CCM research.
Species of the genus Nannochloropsis constitute an emerging model for fundamental research on photosynthesis and algal biology. Like diatoms, for which the CCM is beginning to be elucidated at the molecular level (17) (18) (19) , Nannochloropsis spp. belong to the stramenopile (heterokont) clade and have a plastid of red algal origin that is separated from the cytoplasm by a total of four membranes, the outermost being contiguous with the endoplasmic reticulum (ER) and outer nuclear envelope (20) (21) (22) . However, the cells of these species are remarkably small in both morphology and genome size (∼29 Mb; ∼10,000 estimated genes) (23, 24) . Importantly, they appear to lack pyrenoids or other CO 2 -concentrating structures, which are central features of known CCMs (9) . Physiological studies have demonstrated that cells of Nannochloropsis gaditana primarily take up HCO 3 − and, strikingly, release CO 2 into
Significance
Algae account for a large proportion of global primary productivity, and the carbon that they fix supports many ecosystems and associated services used by humans. Green algae overcome various physical limitations on the rate of CO 2 supply for photosynthesis by the action of carbon-concentrating mechanisms (CCM) that deliver CO 2 to the carboxylating enzyme, Rubisco. However, marine systems are dominated by algae that contain chloroplasts of red algal origin, and we know relatively little about their biology at the molecular level. Here we characterize a carbonic anhydrase as part of a simple CCM in the oleaginous photosynthetic stramenopile, Nannochloropsis oceanica. This work expands our understanding of the diversity in CCMs, and may lead to biotechnological improvements in this potential biofuel-producing alga.
the surrounding media in excess of the chemical equilibrium (25, 26) . Energization of this phenomenon was dependent on mitochondrial respiration rather than on the chloroplastic light reactions that are thought to drive the more intensively studied CCMs (27) . This indicates that Nannochloropsis spp. may operate what has been termed a "pump-leak" type of CCM, whereby bicarbonate transporter and carbonic anhydrase activity deliver CO 2 in excess of what photosynthesis can use, resulting in a sizeable leakage back to the surroundings. Recent technical advances have made molecular genetic studies of Nannochloropsis feasible. The genomes of several Nannochloropsis species have been sequenced, making genomic comparisons possible (23, 24, 28) , and transformation and homologous recombination have been demonstrated in Nannochloropsis oceanica CCMP1779 (29) and N. gaditana (30) . Nannochloropsis spp. also have attracted attention for potential applications as a biofuel feedstock, given their remarkable ability to accumulate lipids and potential for producing bioengineered high-value compounds (23, 30, 31) . Thus, the Nannochloropsis system is poised to provide a rich subject of study for a breadth of fundamental and applied research, including CCM biology.
In this work, we aimed to expand on our understanding of the unusual CCM in Nannochloropsis spp. by beginning to identify the underlying molecular players. We generated mutants for the CARBONIC ANHYDRASE 1 (CAH1) gene (gene ID: 6698-mRNA) by homologous recombination, and characterized it at as an essential component of the CCM in N. oceanica CCMP1779. The results presented here provide a beginning framework for understanding the CCM not only in N. oceanica and closely related species, but also in other algae that lack a pyrenoid.
Results
The cah1 Mutant Displays Severe DIC-Dependent Defects in Growth and Photosynthesis. Based on the genome analysis of N. oceanica and identification of potential CCM genes by Vieler et al. (23), we generated loss-of-function mutants for CAH1 by replacing the first exon and part of the first intron with a 2.1-kb hygromycin resistance cassette via homologous recombination (SI Appendix, Fig. S1A ). The cah1 mutants were positively identified by PCR screening for a size increase of an amplicon generated by primers flanking the insertion site (SI Appendix, Fig. S1B ). These mutants were unable to grow at ambient CO 2 , a defect that was fully rescued when the cells were grown in 3% CO 2 ( Fig. 1A ; additional lines shown in SI Appendix, Fig. S1C ). To confirm that CAH1 was the causal gene and test the functionality of tagged constructs, we transformed the cah1 mutant with the CAH1 coding sequence fused with a FLAG epitope or Venus fluorescent protein tag at the C terminus, driven by the native promoter (SI Appendix, Fig. S1A ). Both of the tagged constructs successfully rescued the growth phenotype, and the genotypes of these lines were again confirmed by PCR ( Fig. 1A ; additional lines shown in SI Appendix, Fig. S1D ).
To test whether carbon assimilation was specifically impaired in the cah1 mutant, we measured photosynthesis (oxygen evolution) in response to varying concentrations of DIC. Although the maximum rate of photosynthesis was similar in all lines, the cah1 mutant exhibited a dramatic reduction in DIC affinity, as seen in the shape of the response curve as well as in the estimated DIC concentration required for half-saturation, K 0.5 [DIC] (Fig. 1 B and  C) . The wild-type (WT) DIC affinity was recapitulated in the complemented lines (Fig. 1B) .
To further assess photosynthetic performance with a different method, we measured chlorophyll fluorescence using pulseamplitude modulated (PAM) fluorometry (32) to calculate the quantum yield of photosystem II (ΦPSII) and nonphotochemical quenching (NPQ) of WT and cah1 cells. The test was carried out in medium containing either 2 mM or 40 mM DIC (as NaHCO 3 ) to approximate that found at ambient or 3% CO 2 , respectively. In the low-DIC test condition, cah1 cells showed a severe reduction in [DIC] (μM DIC) ΦPSII and a large increase in NPQ compared with WT, and this effect was largely abolished when the cells were assayed at the high-DIC condition (P < 0.001 for the genotype × [DIC] interaction term in a two-factor ANOVA for both parameters) (Fig. 1D ).
CAH1 Is an α-Type Carbonic Anhydrase. Carbonic anhydrases are nearly ubiquitous metalloenzymes that function in a diverse set of organisms and physiological processes. Several families of carbonic anhydrases are thought to have evolved independently, including the α, β, γ, δ, and ζ types, as well as a recently described θ type (18) . A whole-genome analysis reported by Vieler et al. (23) identified one α-type carbonic anhydrase (CAH1) and one β-type carbonic anhydrase in N. oceanica CCMP1779. Building a working model for CCM function in this organism would be aided by a complete list of possible carbonic anhydrases, so we independently searched for orthologs belonging to each of the families using blastp and tblastn. We identified two possible γ-type enzymes (SI Appendix, Table S1 ), corroborating recent findings reported by Wei et al. (33) ; however, when aligned to known γ-type carbonic anhydrases, not all of the conserved residues typically necessary for activity were present (SI Appendix, Fig. S2 ).
We performed a multiple sequence alignment with CAH1 and known α-type carbonic anhydrases from disparate parts of the tree of life and found areas of highly conserved sequence (SI Appendix, Fig. S3 ). Notably, the trio of conserved histidine residues responsible for binding of the catalytic zinc ion was present in CAH1 ( Fig. 2A) . Given that mutation of these critical histidine residues is known to lead to compromised carbonic anhydrase activity (34) , to test whether or not CAH1 acts through this canonical carbonic anhydrase activity, we altered histidine residue 177 to an alanine and attempted to complement the cah1 mutant. These H177A "mCAH1" lines, which were confirmed for protein expression by immunoblot analysis (SI Appendix, Fig. S4 ), failed to grow at ambient CO 2 , but maintained normal growth at 3% CO 2 (Fig. 2B) .
Ethoxyzolamide is a cell-permeant sulfonamide inhibitor of carbonic anhydrase activity (8, 26) . If CAH1 enhances carbon assimilation through its carbonic anhydrase activity, we predicted that treatment of cells with ethoxyzolamide would cause defects in photosynthetic carbon assimilation similar to those seen in the cah1 mutant. In accordance with this prediction, incubation with 100 μM ethoxyzolamide reduced photosynthetic DIC affinity in WT, whereas the cah1 mutant was not further impaired by treatment with ethoxyzolamide ( Fig. 2C ).
CAH1 Protein Is Localized to the Epiplastid ER Lumen. In both C. reinhardtii (green alga) and Phaeodactylum tricornutum (pennate diatom), a carbonic anhydrase located within transpyrenoidal thylakoids is important for CCM function, and the acidic microenvironment of this compartment is thought to aid the formation of CO 2 from HCO 3 − in the immediate vicinity of Rubisco (11, 19 ). We did not observe a pyrenoid in N. oceanica CCMP1779 (SI Appendix, Fig. S5 ), and the absence of a pyrenoid was previously reported for N. gaditana (9) , which leaves open the possibility of a different spatial configuration of CCM components.
A signal peptide in CAH1 was predicted by both TargetP 1.1 (SP score, 0.941; cutoff, 0.430; RC, 1, indicating strong confidence; SP length, 23 amino acids) (35) and HECTAR, a program designed for organisms with secondary plastids enclosed by additional membranes (signal peptide score, 0.8311; chloroplast, 0.0167; mitochondrion, not available; other, not available) (36) . To experimentally determine the subcellular localization of CAH1 protein, we used the Venus fusion complementation lines (denoted as CAH1:Venus).
To refine the visualization of a given cell's morphology, we transformed the CAH1:Venus strain with a cyan-fluorescent protein (CFP) marker (37) that was directed either to the ER lumen with a known ER targeting signal (20) or to the cytosol (no targeting peptide). Through fluorescence microscopy, it was apparent that although the cytoplasmic CFP marker filled much of the cell (excluding the chloroplast), the CAH1:Venus signal was restricted to a reticulate distribution that matched the ER-targeted CFP ( Modulation of CCM gene expression and function by environmental DIC concentration has been observed in several organisms (38, 39) . To test the inducibility of the CCM in N. oceanica, we compared cells that had been acclimated to ambient (low CO 2 ) conditions to those kept at 3% CO 2 . Photosynthetic DIC affinity was increased in low-CO 2 -acclimated WT cells, but not in cah1 cells (Fig. 4A ). Immunoblot analysis of CAH1:FLAG complementation lines showed that this physiological acclimation of the CCM is associated with increased CAH1 protein accumulation after 24 h in low CO 2 (Fig. 4B ). To assess CAH1 induction over time as cells acclimated to a transfer from 3% CO 2 to ambient air, we used easily quantified fluorescent reporter lines. To monitor protein accumulation, we used the aforementioned CAH1pro:CAH1:Venus complementation lines, and for a transcriptional reporter we used a similar construct without the CAH1 CDS (CAH1 pro :Venus). In both reporter lines, fluorescence signal increased by ∼5-fold within 4.5 h and by ∼20-fold by 24 h after transfer from 3% CO 2 to low CO 2 
Discussion
A pump-leak type of CCM comprising bicarbonate transport and internal carbonic anhydrase activity has been proposed for Nannochloropsis based on measurements of CO 2 and O 2 fluxes (25-27).
The severe DIC-dependent phenotype of the cah1 mutant and apparent regulation of CAH1 expression by environmental DIC strongly suggest that CAH1 provides this critical CCM-related carbonic anhydrase activity. The low photosynthetic DIC affinity of the cah1 mutant (K 0. 5 [DIC] of ∼18,000 μM DIC) compared with that of the WT (∼90 μM DIC) ( Fig. 1) is remarkable when considered alongside the values reported for CCM mutants of C. reinhardtii. A double mutant lacking two bicarbonate transporters, HLA3 (plasma membrane) and LCIA (chloroplast envelope), exhibited a K 0. 5 [DIC] of ∼900 μM DIC at pH 9.0, compared with ∼250 μM DIC for WT in this condition (40) . Even the cia5 mutant with a compromised "master regulator" of the CCM has a relatively milder defect, K 0. 5 [DIC] ∼480 μM DIC, compared with ∼50 μM DIC for WT (41) . One possible explanation is that N. oceanica relies entirely on bicarbonate as an inorganic carbon source (25, 26) , yet achieves only a relatively small DIC fold accumulation compared with the environment (26) . In this case, disruption of CAH1 may be compensated for only by extremely high concentrations of external bicarbonate that enters the cell and slowly converts to CO 2 in the absence of catalysis. In contrast to the chloroplast-localized carbonic anhydrases that are critical for CCM function in C. reinhardtii (11, 12) and P. tricornutum (18) , CAH1 localizes to the lumen of the epiplastid ER ( Fig. 3 and SI Appendix, Fig. S6 ), which forms the outermost membrane surrounding the chloroplast and is contiguous with the outer nuclear envelope and the ER (20, 21, 42) . Directing CAH1 to the chloroplast with a different targeting signal rescued the mutant only weakly (SI Appendix, Fig. S7 ), indicating that CAH1 normally functions outside of the plastid. External carbonic anhydrase activity was not detected in N. gaditana (25) , suggesting that the site of CO 2 release is within the endomembrane network adjacent to the plastid, and not from a secreted protein. This position implies the existence of HCO 3 − transporters or channels in both the plasma membrane and the epiplastid ER to deliver HCO 3 − to CAH1. In this model, CAH1 in the epiplastid ER luminal space catalyzes the formation of CO 2 , which then either traverses the remaining membranes by diffusion to reach Rubisco or leaks back out of the cell (Fig. 5) . In diatoms, carbonic anhydrases in the spaces between the multiple membranes surrounding the plastid are hypothesized to recover leaking CO 2 from the chloroplast (43) , suggesting an alternative model in which CAH1 traps leaking CO 2 formed by some other carbonic anhydrase in the chloroplast. However, the substantial CO 2 leakiness observed in other Nannochloropsis species by membrane-inlet mass spectrometry (25, 26) and stable isotope discrimination (44) does not support the existence of an effective CO 2 retention mechanism, and this scenario would necessitate additional HCO 3 − transporters and a chloroplast-localized carbonic anhydrase.
Along with CAH1 (α type), there are at least two γ-type and two β-type carbonic anhydrases in N. oceanica CCMP1779 (SI Appendix, Table S1 ) (33) . Knockdown lines of the β-type carbonic anhydrase (11263-mRNA in CCMP1779) showed no defect in growth at ambient CO 2 , whereas experiments with RNAi lines exhibiting reduced transcript levels of a γ-type carbonic anhydrase (g2209 in the N. oceanica strain IMET1) indicate a possible role in repressing the CCM under low pH (33) . The strong phenotype of the cah1 mutant (Fig. 1) indicates that the other carbonic anhydrases in N. oceanica are nonredundant with CAH1, and the lack of effect of the carbonic anhydrase inhibitor ethoxyzolamide on the cah1 mutant (Fig. 2) suggests that there is little to no remaining carbonic anhydrase activity contributing to DIC affinity independently of CAH1. In addition, transcriptomic data from synchronous cultures of N. oceanica CCMP1779 show CAH1 to be relatively highly expressed with peak mRNA levels near the beginning of the light phase, in accordance with a role in carbon assimilation, whereas the other carbonic anhydrases show lower mRNA expression with peaks in the dark phase (45) . Compared with C. reinhardtii and P. tricornutum, both of which have at least 12 carbonic anhydrases (7), N. oceanica apparently has a smaller gene repertoire of these enzymes. In C. reinhardtii, LCIB/C protein associates with the pyrenoid periphery and is thought to possibly recapture CO 2 (46, 47) . Curiously, the LCIB/C homolog in Phaeodactylum has recently been characterized as a novel type of carbonic anhydrase localized not to the pyrenoid periphery, but rather within transpyrenoidal thylakoids, functioning analogously to CAH3 in C. reinhardtii (18) Table S1 ), which is consistent with the lack of a pyrenoid in this species.
What emerges from these observations is a possible model that describes a simple (and perhaps as a consequence, leaky) CCM in Nannochloropsis spp. that is nonetheless responsive to environmental DIC concentration and required for normal growth and physiology under ambient CO 2 conditions. In N. oceanica, CAH1 plays a central role in this CCM, likely by facilitating the release of CO 2 adjacent to the plastid to enhance carboxylation by Rubisco and suppress photorespiration (Fig. 5) . This model likely applies to other species within this genus, and may provide a general framework for understanding CCMs in other algae that lack a pyrenoid. Identifying the other CCM components (e.g, HCO 3 − transporters), characterizing the other carbonic anhydrases, and determining the regulatory cue and signaling pathway responsible for activating/repressing the transcription of CAH1 (and presumably other CCM genes) will refine this model and further increase our understanding of the diversity of CCM form and function.
Nannochloropsis spp. have attracted considerable attention for biofuel and high-value compound production because of their rapid growth, genetic tractability, and ability to accumulate large amounts of lipids (23, 24, 48) . Genetic manipulation and improvement of the CCM may enhance carbon uptake and growth in production settings, because the leaky CCM can be viewed as inefficient. However, loss-of-function mutants, such as cah1, may be useful as well, because such strains would constitute a safeguarding genetic barrier to accidental release of these algae into the environment (49), given their ability to thrive under exogenously supplied CO 2 but not in the DIC concentrations found in natural settings.
Materials and Methods
Strains and Culture Conditions. The sequenced strain of N. oceanica CCMP1779 was used. For all experiments, media consisted of artificial seawater with nutrient enrichment based on full-strength f medium (50) buffered by 10 mM Tris·HCl, pH 8.1. Growth chambers were set to continuous 28°C and 100 μmol photons m −2 s −1
. High CO 2 conditions were maintained at 3% CO 2 by a gas mixer and compressed CO 2 ; low CO 2 was ambient air (0.04% CO 2 ). Because the cah1 mutant requires elevated CO 2 conditions for growth, cultures were kept at 3% CO 2 and grown to midlog phase (1 × 10 6 -2 × 10 7 cells mL −1
) for most experiments, and then either kept at 3% CO 2 (control) or transferred to ambient air for 24 h before the assay, unless stated otherwise.
Cloning of the Homologous Recombination, Complementation, and Cell Marker Constructs. Mutations in the gene NannoCCMP1779_6698-mRNA-1, which we named CARBONIC ANHYDRASE 1 (CAH1), were generated through insertion of a hygromycin resistance cassette (23) . Insertion of this cassette was directed by homologous recombination (29) using 1-kb flanking homology regions to replace 250 bp beginning at the ATG start codon. All DNA sequences from CCMP1779 were obtained from the version 1 genome assembly (23) .
For the complementation constructs, the native 1-kb CAH1 promoter region, the CAH1 coding sequence, and a C-terminal tag (either FLAG or Venus) was assembled via the Gibson method (51). To generate the His to Ala mutation of the active site (H177 in N. oceanica CAH1, corresponding to H119 in Homo sapiens CA-II), mutagenic primers were used in conjunction with Gibson assembly. The cah1 mutant line #5 was used as the recipient strain for all complementation experiments. Transformation was performed as described previously (29) .
DIC Affinity Curves and Half-Saturation Determination. DIC-dependent O 2 evolution was measured as described previously (26, 52) . O 2 evolution assays were carried out in f medium (pH 8.1) without added DIC, and allowed to reach the DIC compensation point before beginning the experiment. Chlorophyll was quantified (53) and used to normalize the O 2 evolution rates. The resulting normalized DIC-dependent photosynthesis curves were processed with a Python script to fit a Michaelis-Menten equation to the data and solve for V max and K 0.5 (DIC). For photosynthesis inhibition experiments, cells were incubated for 1 h in standard medium with a final concentration of 100 μM ethoxyzolamide or an equivalent volume of DMSO.
Chlorophyll Fluorescence by PAM Fluorometry. Cells were grown in liquid culture at 3% CO 2 and then acclimated for 24 h in ambient air before harvesting by The plastid is separated from the cytoplasm by a total of four membranes, the outermost of which is contiguous with the ER and outer nuclear envelope (called the epiplastid ER). Transporters pump bicarbonate into the cytoplasm and then into the lumen of the epiplastid ER, where the carbonic anhydrase CAH1 also accumulates. CAH1 catalyzes the formation of CO 2 , which diffuses (dotted line) either into the chloroplast stroma to be fixed by Rubisco in the Calvin-Benson-Bassham cycle, or back out into the environment. Although leaky, this CCM is necessary for growth and photosynthesis at ambient (400 ppm CO 2 ) conditions, likely by enhancing the carboxylation rate and suppressing photorespiration. CBB, Calvin-Benson-Bassham cycle. 
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Cells and culture conditions. Nannochloropsis oceanica CCMP1779 was obtained from The Provasoli-Guillard National Center for Culture of Marine Phytoplankton (https://ncma.bigelow.org). For all experiments, media consisted of artificial seawater (final solute = 21.2 g L -1 ) with nutrient enrichment based on full-strength f medium (final concentrations of macronutrients: NaH 2 PO 4 = 83 μM, NH 4 Cl = 2 mM, micronutrients as described in (50)). Media was buffered by 10 mM Tris-HCl pH 8.1. Growth chambers (Percival E41L2, Perry, IA, USA) were set to 28̊ C with continuous light from fluorescent lamps (Philips Alto II F25T8) at 100 μmol photons m -2 s -1 . High CO 2 conditions were maintained at 3% CO 2 by a gas mixer and compressed CO 2 tank (Alliance Gas Products, Berkeley, CA, USA); the low CO 2 condition was ambient air (0.04% CO 2 ). Liquid cultures were shaken at ~100 rpm in sterilized borosilicate Erlenmeyer flasks or polystyrene tissue culture plates (Genesee Scientific, USA). For spot growth assays and strain maintenance, cell patches were streaked onto solid media with 0.9% bactoagar in polystyrene petri dishes.
Because the cah1 mutant requires elevated CO2 conditions for growth, cultures were kept at 3% CO 2 to grow to mid-log phase (1x10 6 -2x10 7 cells mL -1 ) in preparation for most experiments. Cell density was measured with a Coulter counter (Beckman Coulter Multisizer 3). For measurements of O 2 evolution, immunoblot analysis, and fluorescence quantification and microscopy, liquid cultures were grown at 3% CO 2 and then either kept at 3% CO 2 (control) or transferred to ambient air for 24 h before the assay, unless stated otherwise.
Cloning of the homologous recombination, complementation, and cell marker constructs.
To generate the mutations in the alpha carbonic anhydrase gene NannoCCMP1779_6698-mRNA-1, which we named "CARBONIC ANHYDRASE 1" (CAH1), we utilized this strain's ability to perform homologous recombination (29) . All DNA sequences from CCMP1779 were obtained from the version 1 genome assembly (https://bmb.natsci.msu.edu/faculty/christophbenning/nannochloropsis-oceanica-ccmp1779/) (23). 1-kb flanking homology regions were first amplified from genomic DNA by polymerase chain reaction (Phusion polymerase, Thermo Fisher) with appropriate attB sites in the primers for Multisite Gateway cloning (Thermo Fisher) into pDONOR 221 vectors. The 5' homology region includes the 1-kb region 5' of the ATG start codon, and the 1-kb 3' region begins 250 bp 3' of the ATG. The hygromycin resistance gene driven by the promoter region of the LIPID DROPLET SURFACE PROTEIN (LDSP) (NannoCCMP1779_4188) gene was generously provided by the lab of Christoph Benning (Michigan State University, USA) (23) . This hygromycin resistance cassette was cloned into a pENTR vector resulting in flanking attR sites (23) . These three entry vectors were cloned into pDEST-R1-R2 with the following final order: 5' homologous region (1 kb), hygromycin resistance cassette (2.1 kb), 3' homologous region (1 kb) (Fig. S1) .
Complementation constructs were cloned into a pDONOR 221-derived vector containing a kanamycin resistance gene for bacterial selection and pUC origin of replication. For selection in Nannochloropsis oceanica, a zeocin resistance cassette was formed by a 0.9-kb promoter region of the native EUKARYOTIC INITIATION FACTOR (eIF3) gene (NannoCCMP1779_11214-mRNA-1), the Sh ble zeocin resistance gene, and 0.3-kb terminator from 60S RIBOSOMAL PROTEIN L21 (RPL21) (NannoCCMP1779_9668). This vector also contained a terminator region from the ADP RIBOSYLATION FACTOR (ARF) (NannoCCMP1779_4318) gene at the 3' end of the cloning site. Cloning to assemble the following complementation constructs was accomplished via the Gibson method (51). For both the FLAG and Venus-tagged complementation lines, the 1-kb promoter region immediately 5' of the ATG of CAH1 was used to drive the coding sequence of CAH1 obtained by PCR from cDNA. At the C-terminus of the coding sequence, either the coding sequence for the Venus fluorescent protein (54) or a 3x tandem FLAG tag with 9x glycine linker was inserted with a new stop codon at the 3' end. For the Venus construct, the ARF terminator was used, and in the FLAG construct, this was replaced with the 0.7-kb terminator region from the native CAH1 locus.
For the cytoplasmic fluorescent protein marker, the zeocin resistance gene was replaced with AphVIII, which confers resistance to paromomycin, and a 1-kb promoter from YIDC driving expression of mCerulean (37) was cloned 5' of the ARF terminator. The epiplastid ER luminal mCerulean marker was derived from this construct by replacing the YIDC promoter with the 1-kb promoter region of the ATPase β subunit gene (9984-mRNA), adding the targeting peptide from PROTEIN DISULFIDE ISOMERASE (PDI) (10287-mRNA) (20) in-frame to the N-terminus of mCerulean and additionally adding a KDEL ER retention signal to the C-terminus. To generate the His to Ala mutation of the active site (H177 in N. oceanica CAH1, corresponding to H119 in H. sapiens CA-II), mutagenic primers were used in conjunction with Gibson assembly. The cah1 mutant line #5 was used as the recipient strain for all complementation experiments.
Transformation was performed as described previously (29) . Briefly, after PCR amplification from the plasmid templates and purification, 1 μg of DNA was delivered by electroporation (BIO-RAD Gene Pulser II; 0.2 mm cuvette, 2,200 V, 50 μF, 500 Ω) to cells washed in 384 mM sorbitol. After recovery in liquid f
Primers flanking the expected insertion site were used to establish correct recombination (F 5'-GAGGACGAAAGCATGAAGGC-3', R 5'-GACACATGCGTTGGAATTCTCG-3').
Growth assays. For spot growth assays, the cell density of liquid starter cultures was normalized to 2x10 7 cells mL -1 across samples in a given experiment. 1:10 serial dilutions were made, and 5 µL of each suspension was deposited on duplicate agar plates resulting in 10 5 , 10 4 , 10 3
, and 10 2 cells in a series of spots. One duplicate plate was placed at 3% CO 2 and the other in ambient air for 7 days of growth before imaging with a digital camera.
DIC affinity curves and half-saturation determination. 15 mL samples of liquid cell cultures were collected by centrifugation and re-suspended in fresh media (without added DIC) to volumes appropriate to equalize cell density to 5x10 7 cells mL -1 . 2 mL of these suspensions were placed in a sealed chamber with a Clark-type electrode (Hansatech Instruments, UK) to measure O 2 concentrations. Cells were mixed by a micro stir bar at 100 rpm. DIC-dependent O 2 evolution was measured similarly to (26, 52) . Each run was bubbled for 5-10 min with N 2 , sealed, then allowed to fix residual DIC and reach the DIC compensation point (defined as near-zero O 2 evolution in the light) before the beginning of the experiment. Concentrated stocks of DIC made from NaHCO 3 were added to the reaction sequentially to yield the desired [DIC] and O 2 evolution rate recorded. All genotypes or treatments were measured in one day as a replicate, and the experiment repeated on sequential days for triplicates or quadruplicates. Pigments were extracted in ethanol and quantified by absorbance spectroscopy (53) to normalize the O2 evolution rates by chlorophyll. The resulting normalized DICdependent photosynthesis curves were then processed by a Python (http://www.python.org/) script that used the scipy 'curve_fit' function to fit a Michaelis-Menten equation to the data and solve for V max and K 0.5 (DIC). Due to the relatively small sample sizes (n = 3 or 4), individual data points are shown rather than error bars (55). Ethoxyzolamide (EZ) (Sigma-Aldrich) stocks were made in DMSO at 1,000x concentrations. For photosynthesis inhibition experiments, cells were incubated for 1 h in standard medium with a final concentration of 100 μM EZ or an equivalent volume of DMSO as the mock treatment.
Chlorophyll fluorescence by PAM fluorometry. Cells were grown in 6-well tissue culture plates at 3%, and then acclimated for 24 h in ambient air. Cells were collected in 2 mL microcentrifuge tubes (8,000g x 5 min) and resuspended in fresh f medium with a final concentration of either 2 mM or 40 mM DIC added as NaHCO3, capped, and placed in the dark for 30 min prior to the beginning of the experiment. Chlorophyll fluorescence was analyzed by pulse amplitude modulation (PAM) fluorometry using a DUAL-DR detector and Dual-PAM-100 analyzer (both Heinz Walz, Germany). Red actinic light of 100 μmol photons m -2 s -1 was used and measurements taken after 5 min of illumination when parameters had stabilized. To assess
Multiple sequence alignment of alpha-carbonic anhydrases. The predicted amino acid sequence of CAH1 was used as a query for blastp using the default settings (https://blast.ncbi.nlm.nih.gov).
Protein sequence was downloaded from the BLAST results for manually selected organisms to show the highly-conserved zinc binding domain across divergent taxa. The open-source bioinformatics suite UGENE (56) was used to perform the alignment using the Multiple Sequence Comparison by Log-Expectation (MUSCLE) application with default settings. Alignments were prepared for figures using Jalview v2 (57).
Prediction of intracellular targeting signals.
TargetP and SignalP (http://www.cbs.dtu.dk/services/TargetP/) (35, 58) were used to predict intracellular localization of CAH1 and the signal peptide cleavage site, respectively. To corroborate these predictions, a method specifically designed for heterokont protein targeting called HECTAR (HEterokont subCellular TARgeting) was employed (http://webtools.sb-roscoff.fr/) (36) .
Fluorescence microscopy. Liquid cell cultures were grown to mid-log phase (~1-2 x 10 7 cells mL -1 ) at 3% CO 2 and transferred to ambient air for 24 h before imaging. Cells were embedded by mixing directly on the slide 5μL of a cell suspension with 5μL of a 1% low-melting point agarose solution in f medium that was boiled and cooled to less than 40C before mixing. Slides were imaged with a Zeiss AxioImager M2 with a 100x oil objective and 1.6x optovar. Differential interference contrast (DIC), Cy5 (chlorophyll autofluorescence), CFP (cyan fluorescent protein), and YFP (yellow fluorescent protein) filter sets were used, and the same settings were used for all image acquisition. Linear image leveling (uniform across all images of a given channel), cropping, and montage assembly was accomplished with ImageJ (59).
Electron microscopy. Cells were harvested from mid-log phase liquid cultures by centrifugation and subjected to high pressure freezing for cryoimmobilization (Balzers HPM010), freeze substitution and embedding in LR white resin (60). Samples were sectioned, affixed to TEM grids and imaged with a FEI Tecnai 12 transmission electron microscope.
Immunoblot Analysis. 15 mL of ~2x10 7 cells mL , lysing matrix D). Samples were centrifuged at 21,000g for 10 min to pellet debris and supernatant was transferred to clean microcentrifuge tubes. Chlorophyll was extracted and quantified in ethanol (53) and used to normalize samples by chlorophyll concentration prior to incubation with 0.1 M DTT and heated to 95C for 60 s. Equal volume of normalized sample was loaded into Mini-PROTEAN TGX Any kD (BIO-RAD) pre-cast protein electrophoresis gels for SDS-PAGE, which was followed by transfer (Hoefer; SemiPhor semi-dry transfer unit) to 0.45 μm PVDF membranes (Amersham; Hybond). After blocking with skim milk in PBS-T, membrane sections were probed with either an anti-FLAG antibody (Sigma-Aldrich; rabbit host, F7425) or an antibody recognizing the β subunit of ATP synthase (Agrisera; rabbit host, AS05 085). For this blot, we consistently observed a band near 75 kDa and one near the 50 kDa marker; we chose the ~54 kDa band as this corresponds to the expected size for these proteins. After PBS-T washes, membranes were probed with a horseradish peroxidase-linked anti-rabbit IgG secondary antibody (GE Healthcare, UK; NA934V) and signal detected with SuperSignal West Femto enhanced chemiluminescent (ECL) substrate (Thermo Scientific) and Fluorochem HDII (Alpha Innotech, USA) imager.
Fluorescent reporter induction. Bulk culture fluorescence was measured with an absorbance/fluorescence plate reader (Tecan; Infinite M1000 Pro) directly in the clear polystyrene 24-well plates containing the cultures. Venus fluorescence was quantified (excitation = 515 nm, emission = 535 nm; 5nm bandwidth; bottom read, 50 flashes at 400 Hz) and normalized to absorbance at 750 nm to account for differences in cell density. Cultures were well-mixed immediately prior to measurements by sealing wells with parafilm and shaking, followed by 4000 g x 5 s to collect liquid back in the wells. The experiment was initiated when one plate was transferred to ambient air. During the induction time courses, to prevent cultures from overgrowing, 1/3 of the volume of each well was replaced with fresh media after measurements at 13 h and 31 h post transfer. 
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Fig. S2.
Full-length multiple sequence alignment of gamma-type carbonic anhydrases. The predicted proteins from N. oceanica CCMP1779 are missing one or more conserved histidine residues. Primary sequences for gamma-type carbonic anhydrases were obtained from the online NCBI Protein database (GI numbers used as identifies) and aligned with the two candidates from N. oceanica using MUSCLE. Conservation is shown as blue highlighting, critical histidine residues corresponding to H81, H117, and H122 of the prototypical enzyme from Methanosarcina thermophila (61) are highlighted in red, and the N. oceanica candidates are marked by boxes. Fig. S3 . Full-length multiple sequence alignment of alpha-type carbonic anhydrases. Primary sequence for alpha-type carbonic anhydrases from a diverse set of taxa were obtained from the NCBI Protein database (identifier given at the end of each name) and aligned with MUSCLE. Critical histidine residues corresponding to the H. sapiens CA-II H94, H96, and H119 are highlighted in red, and other conserved residues are shown in blue. N. oceanica CAH1 (6698-mRNA) is marked by the red dashed boxes.
50 kDa 37 kDa To confirm that the mutagenized complementation protein was being expressed, total cell lysates were obtained from cells either acclimated to ambient CO 2 or kept at 3% CO 2 . Both the control CAH1:3xFLAG and mCAH1:3xFLAG constructs are driven by the native CAH1 promoter region. H and L labels indicate whether cells were kept at high (3%) or low (0.04%) CO 2 , respectively, for 24 h prior to protein extraction. Expected protein size = 38 kDa. The ~55 kDa band shown in the image of the Coomassie blue stained membrane corresponds to the large subunit of Rubisco (62). Table S1 . Top blastp and tblastn hits for different carbonic anhydrase homologs in N. oceanica CCMP1779. The protein sequence for each query (NCBI accession number shown for identification) was obtained from the NCBI protein database, and blastp/tblastn was used to search for homologs of the predicted proteins in N. oceanica. Queries were selected to find homologs of the carbonic anhydrase families including the alpha, beta, epsilon, gamma, delta, zeta and theta types. Hits with very low E-values are highlighted. Several other hits with E-values < 1 (asterisks) were investigated further using Pfam domain prediction to clarify the potential function of the candidate. NannoCCMP1779_4442-mRNA-1 was identified elsewhere (33) as a beta-type carbonic anhydrase, but was not identified in our blast searches, possibly because the gene is fragmented in the current v1 assembly. 
